Objective. We sought to compare clearance rates of plasma human immunodeficiency virus type 1 (HIV-1) RNA in men and women starting triple-nucleoside-based versus efavirenz (EFV)-based regimens.
The introduction of potent antiretroviral therapy perturbs the quasi steady state by preventing the infection of uninfected lymphocytes and monocytes. The resultant decrease in plasma viremia proceeds through several phases. The rapid first phase of decay, which lasts for 7-10 days, represents the death of short-lived, productively infected cells, such as activated CD4 + T lymphocytes [5] . With the elimination of the productively infected lymphocytes, a slower second phase of decay becomes evident. This second-phase decay is believed to represent the more gradual loss of long-lived productively infected cells, such as macrophages, as well as of latently infected lymphocytes that might become activated to produce virus [5] . Results of mathematical modeling have suggested that the decay of long-lived infected cells, with an average half-life of 14 days, is the major determinant of the second-phase decay. The pool of resting, latently infected cells decays even more slowly; estimates for the half-life of these cells vary widely, from 6 to 43 months [6, 7] .
Early viral-dynamics models assumed that antiretroviral therapy was perfectly effective and resulted in complete inhibition of virus replication. As more potent combination regimens became available, subsequent studies noted faster apparent clearance rates, leading to revised (shorter) estimates of the viral half-life [8] . Under the assumption that treatment has no direct effect on the death rate of productively infected cells or on the rate at which virus particles are removed from plasma, then differences in first-phase decay rates must reflect differences in the extent to which treatment deviates from ideal (perfect) efficacy. This realization led to refinements in viraldynamics models and provided a theoretical rationale for comparing the short-term activity of regimens on the basis of firstphase decay rates [9] . Differences in HIV-1 RNA decay have been linked to treatment responses with some regimens [10] [11] [12] , but, to our knowledge, clearance rates for triple-nucleoside-and efavirenz (EFV)-based regimens have not been compared directly.
If steady-state levels of plasma viremia represent a balance between virus production and clearance, then differences in plasma HIV-1 RNA levels between groups might reflect differences in these parameters [3] . Several studies have shown lower levels of steady-state plasma viremia in HIV-1-infected women than in men, particularly in persons with earlier stages of disease [10] [11] [12] [13] [14] ; men and women with advanced HIV-1 disease, however, have comparable plasma HIV-1 RNA levels [15] . Despite these differences in plasma viremia, rates of disease progression are similar in men and women, which suggests that women experience disease progression at lower plasma HIV-1 RNA levels than do men [16] . The biological basis for the difference in steady-state viremia is unclear. To date, no studies have compared HIV-1 clearance rates in men and women.
AIDS Clinical Trials Group (ACTG) study A5095 was a phase 3, randomized, placebo-controlled clinical trial that compared the efficacy of a triple-nucleoside regimen (a fixed-dose combination of zidovudine [ZDV] , lamivudine [3TC], and abacavir [ABC]) with 2 regimens containing EFV-a standard 3-drug regimen (fixed-dose ZDV/3TC plus EFV) or a 4-drug regimen (ZDV/3TC/ABC plus EFV)-in treatment-naive HIV-1-infected men and women That study found the triple-nucleoside regimen to be virologically inferior to the EFV-based regimens but found no difference between the 3-and 4-drug EFV regimens [17, 18] . We conducted a prospectively designed viraldynamics substudy to compare the first-and second-phase viral decay rates in subjects initiating antiretroviral treatment with these regimens and to compare viral dynamics in HIV-1-infected men and women.
MATERIALS AND METHODS
Study design. The viral-dynamics substudy (A5166s) was designed to enroll 66 treatment-naive subjects (11 men and 11 women from each of the 3 treatment groups) who were registered to ACTG A5095; enrollment was offered to all subjects at sites participating in the substudy. Enrollment in ACTG A5095 was stratified by baseline HIV-1 RNA level (! or у100,000 copies/mL). Study subjects self-reported race as nonHispanic white, non-Hispanic black, or Hispanic. All subjects provided signed informed consent to participate in the substudy in addition to consent to participate in the parent study. Samples for plasma HIV-1 RNA determination were obtained at preentry; entry; days 2, 7, and 10; and weeks 2, 4, and 8 and were assayed using the HIV-1 Monitor Assay (version 1.0; Roche Molecular Systems).
For the accurate estimation of viral decay rates, it was important that the subjects ingested their medications as prescribed during the intensive sampling phase (entry to day 14). Therefore, subjects were asked to record the times when they ingested their medication in a diary that was reviewed by site personnel at each substudy visit for the first 14 days after the initiation of therapy. Subjects who discontinued or interrupted study treatment during this period were replaced if possible. For every subject with measurements excluded before day 7, an additional subject was to be randomized. In addition, for every 3 subjects with measurements excluded after day 7, an additional subject was to be randomized.
Statistical analysis. For comparison of viral decay rates, the first 8 weeks of HIV-1 RNA data were used. Data points collected for subjects after the discontinuation of treatment, drug interruption, or nonadherence (as determined from the diary summaries) were excluded from the primary analysis. A total of 11 subjects had data points excluded; 2 in the triplenucleoside group, 3 in the 3-drug EFV group, and 4 in the 4-drug EFV group. In addition, to facilitate estimation of the NOTE. Data are no. (%) of subjects, unless otherwise indicated. Q1, first quartile; Q3, third quartile; triple-nucleoside, zidovudine/ lamivudine/abacavir; 3-drug efavirenz, zidovudine/lamivudine plus efavirenz; 4-drug efavirenz, zidovudine/lamivudine/abacavir plus efavirenz.
decay parameters, response profiles that were inconsistent with monotonic viral level decay were truncated at the first signs of rebound (defined as an increase of 10.30 log 10 copies/mL from the previous observation). Data points were removed for 7 subjects; 2 in the triple-nucleoside group, 4 in the 4-drug EFV group, and 1 in the 3-drug EFV group. All exclusions occurred at or after the week 2 evaluation.
A parametric nonlinear mixed-effects model [19, 20] was used to fit the viral-dynamic model to the remaining on-treatment data using the Splus 6 NLME library (MathSoft). This model takes a biexponential form for HIV-1 RNA copies per milliliter and is fitted to data on a log 10 scale to normalize the error distribution [20] . Estimation of the model uses a NewtonRaphson algorithm [21] with an embedded multiple imputation to randomly impute for HIV-1 RNA levels censored below 50 copies/mL (F. Vaida, University of California, San Diego, personal communication). Empirical Bayes estimates of the first-and second-phase decay rates from this model were compared between treatment group and sex with nonparametric Wilcoxon tests [22] . In the event of between-group differences, group-specific biexponential mixed-effect models were fitted.
Censored normal errors regression analyses (SAS Institute) were also used to examine treatment and sex differences in the change from baseline to days 10 and 56 in log 10 HIV -1 RNA level adjusted for baseline HIV-1 RNA level (centered around 50,000 copies/mL, so that parameter estimates reflected mean responses for subjects with baseline HIV-1 RNA levels of 50,000 copies/mL). Censored observations were included at their reported level of detection. Baseline characteristics were compared between subjects in study ACTG A5095 who elected to participate in the substudy and those who did not and by sex using Kruskal-Wallis tests for continuous outcomes and Fisher's exact test for categorical outcomes.
RESULTS

Baseline characteristics.
A total of 64 subjects enrolled: 21 (14 men and 7 women) from the 4-drug EFV group, 25 (13 men and 12 women) from the triple-nucleoside group, and 18 (11 men and 7 women) from the 3-drug EFV group (table 1) . Subjects were 59% male and 25% non-Hispanic white, 42% non-Hispanic black, and 30% Hispanic. The distribution of race and/or ethnicity was not significantly different by sex ( ). The median baseline plasma HIV-1 RNA level was P p .74 4.7 log 10 copies/mL, and the median baseline CD4 cell count was 261 cells/mm 3 . Baseline characteristics of subjects enrolled in A5166s did not differ significantly from those of subjects in A5095 who did not participate in the substudy, except for the distribution of race/ethnicity ( ) (there was a greater P p .042 proportion of Hispanic subjects in the substudy than in the main study [30% vs. 21%] because the University of Puerto Rico AIDS Clinical Trials Unit contributed a large number of subjects to the substudy).
Plasma HIV-1 RNA decay rates. Plasma HIV-1 RNA decay profiles were generated for each subject. Most profiles showed a steep decrease in HIV-1 RNA levels during the first 7-10 days, followed by a less steep but still decreasing phase through day 56; in some cases, this decline was observed despite an interruption in therapy (data not shown). Figure 1 shows the geometric mean plasma HIV-1 RNA level of the 3 treatment groups at each time point and suggests a faster rate of decrease in plasma HIV-1 RNA level in the 3-drug EFV group, compared with the triple-nucleoside group. Table 2 summarizes the distributions of the estimated firstphase decay by treatment group. The median first-phase decay rate for subjects in the 3-drug EFV group was significantly greater than that for subjects in the triple-nucleoside group ). Subjects in P p .021 the 4-drug EFV group had a median first-phase decay rate that was intermediate. In addition to the differences in first-phase viral decay rates, there was also a suggestion of a greater secondphase decay rate in the 3-drug EFV group, compared with the triple-nucleoside group ( ). Decay rates of similar mag-P p .09 nitude were seen within subgroups defined by baseline viral level (р100,000 or 1100,000 copies/mL; data not shown).
The potential for differences between treatment groups in decay rates suggested that separate biexponential models be fitted for each treatment group (figure 2). In the triple-nucleoside group, the population mean estimates of first and secondphase decay rates were 0.58/day (95% confidence interval [CI], 0.49-0.66/day) and 0.044/day (95% CI, 0.033-0.056/day), respectively. In the 3-drug EFV group, rates were 0.70/day (95% CI, 0.58-0.83/day) and 0.054/day (95% CI, 0.038-0.071/day), respectively. It was not possible to obtain a model for the 4-drug EFV group because of the scarcity and variability of the on-treatment data for that group. A post hoc attempt was made to fit the model for this arm that removed 1 subject at a time from the data set and then repeated the fitting process. Of 18 attempts, the model converged on only 6 occasions. The individual fitted curves for each subject were almost indistinguishable from the different models, with the estimated average decay rates for the group ranging from 0.63 to 0.66/day for the first-phase decay rate and from 0.038 to 0.044/day for the second-phase decay rate.
Changes in plasma HIV-1 RNA levels from baseline to days 10 and 56. Table 3 shows the results of the censored regression analyses of changes in log 10 HIV-1 RNA level to days 10 and 56, adjusted for baseline log 10 HIV-1 RNA level. These results were consistent with those for the biexponential model. There was a smaller change from baseline over the first 10 days in Figure 2 . Predicted population average plasma HIV-1 RNA levels over time by treatment group. Predicted profiles were obtained on the population estimates of biexponential viral-dynamics models fitted for each treatment group separately. Because a single model could not be obtained for the 4-drug efavirenz group, the curve plotted represents the realized curve based on a simple average of each of the model parameters over the 6 convergent subsets (see text). Triple-nucleoside, zidovudine/lamivudine/abacavir; 3-drug efavirenz, zidovudine/lamivudine plus efavirenz; 4-drug efavirenz, zidovudine/lamivudine/abacavir plus efavirenz. NOTE. The parameter estimates of the reference case provide the modeled reduction in plasma HIV-1 RNA at day 10 or 56, respectively, for an individual subject entering the study with baseline virus level of 50,000 copies/mL and assigned to the triple-nucleoside arm. Parameter estimates for the 4-and 3-drug efavirenz arms show the difference in virus level reduction (i.e., additional reduction), compared with the reference group, and the additional reduction observed for each 1Ϫlog 10 increment in baseline HIV-1 RNA level (independent of treatment arm). Triple-nucleoside, zidovudine/lamivudine/abacavir; 3-drug efavirenz, zidovudine/lamivudine plus efavirenz; 4-drug efavirenz, zidovudine/lamivudine/abacavir plus efavirenz. CI, confidence interval.
the triple-nucleoside group, compared with either the 3-drug EFV group ( ) or the 4-drug EFV group ( ). P p .009 P p .05 There was no evidence of a difference in the change from baseline HIV-1 RNA level to day 10 ( ) between the 3-P p .57 drug and 4-drug EFV groups. There was evidence of an interaction between baseline viral level and treatment group when we examined the change from baseline to day 10 ( ). P p .05 This interaction suggested that the difference in response between the triple-nucleoside group and the 3-and 4-drug EFV groups increased with increasing plasma viral level at baseline. Likewise, there was a smaller change from baseline HIV-1 RNA level over the course of 56 days in the triple-nucleoside group, NOTE. The parameter estimates of the reference case provide the modeled reduction in plasma HIV-1 RNA level at day 10 or 56, respectively, for a male subject entering the study with baseline virus level of 50,000 copies/mL. The parameter estimates for females shows the difference in virus level reduction compared with the reference group, and the additional reduction observed for each 1-log 10 increment in baseline HIV-1 RNA level (independent of sex). CI, confidence interval. compared with the 3-drug EFV group ( ), but not with P p .005 the 4-drug EFV group ( ). There was no evidence of an P p .53 interaction between baseline viral level and treatment group when we examined the change from baseline to day 56 (P p ). Univariate Cox proportional hazards models did not show .64 a significant association between the half-life of productively infected cells and time to virologic failure (data not shown).
Effect of sex on viral decay rates. There was no evidence of differences in the first-or second-phase decay rates by sex (table 4) . Likewise, analyses of change in plasma HIV-1 RNA level from baseline by sex showed no apparent difference in response between men and women (at day 10, ; at day P p .91 56, ) (table 5) . P p .78
DISCUSSION
The present viral-dynamics substudy of a randomized clinical trial allowed us to compare clearance rates for plasma HIV-1 RNA level in treatment-naive subjects initiating triple-nucleoside or EFV-based antiretroviral regimens. First-phase decay rates were significantly greater in subjects randomized to receive a 3-drug regimen containing EFV (ZDV/3TC plus EFV), compared with a triple-nucleoside regimen (ZDV/3TC/ABC). The second-phase decay rate was also greater in the 3-drug EFV group, but the difference did not achieve statistical significance ( ). These results parallel those of the parent study P p .09 (ACTG A5095), in which the triple-nucleoside regimen was shown to be virologically inferior to the EFV-based regimens [17] ; no difference was found between the 3-and 4-drug EFV regimens [18] . Viral decay rates in subjects who initiated a 4-drug regimen (ZDV/3TC/ABC plus EFV) were intermediate between those of subjects who received either 3-drug regimen, but sparse data resulting from a larger number of missed doses among subjects in the 4-drug group makes interpretation of these results difficult.
The finding of a slower decay rate for plasma HIV-1 RNA level among recipients of the triple-nucleoside regimen suggests that this regimen resulted in less complete inhibition of HIV-1 replication, compared with an EFV-based regimen. A comparison of the median decay rates for these 2 regimens provides an estimate of the relative efficacies of different regimens [23] and suggests that the triple-nucleoside regimen was ∼83% as effective as the 3-drug EFV regimen at interrupting the production of infectious virions. One explanation for this observation is the need for all 3 drugs in the triple-nucleoside regimen to undergo activation through phosphorylation, resulting in a pharmacological delay before the onset of drug activity. By contrast, nonnucleoside reverse-transcriptase (RT) inhibitors can diffuse unchanged into viral particles in the plasma and bind to RT, so that the enzyme is inactivated before viral entry into target CD4 + cells [24] . An alternative explanation is that inhibition of RT by 2 distinct mechanisms is more effective than inhibition by a single mechanism. Another possible explanation is that CD4 + cells in different anatomical or pharmacological compartments phosphorylate the nucleoside analogs to different degrees because of differ-ences in expression of the nucleoside kinases [25] . Such differences in kinase activity could lead to heterogeneity in the extent of viral inhibition, resulting ultimately in less than complete inhibition of viral replication. Although differences in treatment adherence could potentially produce similar results, adherence rates were high and similar for subjects in all 3 blinded treatment groups [17] . Moreover, we controlled for this possibility by excluding from the analysis subjects who interrupted dosing of the study drug or who showed a nonmonotonic decrease in plasma HIV-1 RNA levels. The slower rate of viral decay in the triple-nucleoside group could contribute to a greater risk of virological failure if ongoing viral replication during the initial decay phase leads to selection of drug-resistant variants that might contribute to subsequent treatment failure. The finding that differences between treatment groups in the magnitude of the decrease in HIV-1 RNA levels during the first 7-10 days were more pronounced in subjects with higher virus levels suggests the possibility that slower viral decay allowed for the emergence of drug-resistant viruses during the first few weeks of treatment. It would be interesting to apply sensitive techniques for detecting the presence of minor drug-resistant variants to samples obtained during the decay phase to test this hypothesis.
Mean ‫ע‬ SD population estimates of initial viral decay rates in all 3 groups in our study ( to /day) 0.58 ‫ע‬ 0.06 0.70 ‫ע‬ 0.18 compare favorably with rates observed in other studies. Firstphase decay rates of to /day were re-0.47 ‫ע‬ 0.02 0.49 ‫ע‬ 0.04 ported in subjects beginning ritonavir monotherapy [19] or ABC plus a protease inhibitor [26] . The decay rates in our study were similar to those observed in subjects initiating lopinavir/ritonavir, EFV, 3TC, and tenofovir ( /day) 0.62 ‫ע‬ 0.18 but were slower than in subjects in whom enfuvirtide was added as a fifth drug ( /day) [27] . It has been suggested 0.80 ‫ע‬ 0.13 that differences in decay rates may predict subsequent longer term virologic responses and that adding additional antiretroviral drugs could improve viral decay rates [28] . However, adding drugs to a regimen may adversely affect adherence and increase toxicity, which may compromise longer term virologic responses. We did not find a significant evidence of an association between initial viral decay rate and treatment outcome in the present study, nor did the addition of a fourth drug (ABC) improve the efficacy of the 3-drug EFV regimen [18] .
The results of the present study are similar to those reported in Pediatric ACTG (PACTG) trial 381, which compared the efficacy of ZDV/3TC plus EFV with that of ZDV/3TC plus nelfinavir in HIV-1-infected adolescents. In that study, firstphase decay rates of and /day were re-0.62 ‫ע‬ 0.09 0.56 ‫ע‬ 0.10 ported for the EFV and nelfinavir groups, respectively [29] . As in the present study, PACTG 381 found that the treatment arm with the best virologic responses had the fastest first-phase decay. That study also noted a correlation between baseline plasma HIV-1 RNA levels and the first-phase decay rate. Although initial viral decay rates were not associated with baseline plasma HIV-1 RNA levels in the present study, we did find an interaction between baseline virus level and treatment group with respect to viral level reductions at day 10, which suggests that the difference in initial viral level reduction between the 3-drug EFV group and triple-nucleoside group was accentuated among individuals with higher virus levels.
No difference in first-or second-phase decay rates was observed between men and women receiving these regimens. A limitation of this finding is that baseline virus levels were comparable in male and female patients participating in the study. Therefore, our results do not preclude differences in viral dynamics at earlier times after initial infection, when sex-based differences in steady-state viremia are more pronounced [15] .
In conclusion, faster initial viral decay in subjects randomized to a 3-drug EFV-based regimen corresponded to the overall superior efficacy of that regimen, compared with a triple-nucleoside regimen. Similarly, a lack of difference in viral decay between 3-and 4-drug EFV-based regimens also paralleled the lack of difference over the course of 3 years of follow-up. Although it is reasonable, from a pathogenesis point of view, to expect that differences in short-term viral decay rates among antiretroviral regimens would predict differences in long-term virologic responses, practical clinical issues (e.g., convenience and toxicity) complicate this assessment.
